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Titanite Stability in UHP Metacarbonate Rocks from 
the Kokchetav Massif, Northern Kazakhstan
Yoshihide OGASAWARA＊
Abstract
Stability relations of Ti-bearing mineral assemblages in the ultrahigh-pressure meta-
carbonate rocks from the Kokchetav Massif, northern Kazakhstan were analyzed by 
thermochemical calculations in the model system CaO-MgO-SiO2-TiO2-CO2-H2O. Each 
of three carbonate rocks has a distinct Ti-bearing mineral: rutile in diamond-bearing dolo-
mite marble, titanite in calcite (after aragonite) marble and Ti-clinohumite in dolomitic 
marble (diamond-free). P-T-XCO2 relations in the system CaO-MgO-SiO2-TiO2-CO2-H2O 
were calculated using the published internally consistent dataset. Three reactions among 
8 minerals (aragonite/calcite, coesite/quartz, diopside, dolomite, rutile, and titanite) 
are possible in this system: (1) dolomite + SiO2 (coesite/quartz) ＝ diopside + CO2, (2) 
CaCO3 (aragonite/calcite) + rutile + SiO2 (coesite/quartz) ＝ titanite + CO2, (3) dolomite 
+ titanite ＝ CaCO3 (aragonite/calcite) + diopside + rutile. Schreinemakers’ analysis was 
employed to determine the stable configuration of the univariant curves. Reaction (3), a 
solid-solid reaction, indicates that titanite-dolomite pair was unstable at ultrahigh-pres-
sure conditions and at medium to high XCO2. Dolomite-free ultrahigh-pressure carbonate 
rocks can contain titanite because the stability of aragonite + dolomite + rutile divides 
the bulk composition space into titanite-bearing compositions and dolomite-bearing 
compositions. This can explain the lack of titanite in natural ultrahigh-pressure dolo-
mite-bearing metacarbonate rocks. In the Kokchetav UHP calcite marble, diopside forma-
tion preceded titanite formation at high- to ultrahigh-pressure conditions and stabilized 
diopside-rutile-aragonite assemblage as a compositional divide. At ultrahigh-pressure 
conditions, titanite formation from aragonite + coesite + rutile required extremely low 
XCO2 as 0.02 or lower. Such extremely low-XCO2 condition might have also controlled 
the stability of diamond in the Kokchetav UHP calcite marble. A simple model “Intraslab 
UHP Metasomatism” based on aqueous fluid infiltration and circulation in subducting 
slabs has been introduced to understand the role of fluid during deep continental subduc-
tions like the Kokchetav Massif.
Keywords:  UHP metamorphism, Kokchetav Massif, carbonate rocks, supersilicic titanite, 
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1.  Introduction
Coesite exsolution from supersilicic titanite, Ca(Ti1-x, Six)VISiIVO5, was first reported in ultrahigh-pressure 
(UHP) calcite (after aragonite) marble at Kumdy-Kol in the Kokchetav Massif, northern Kazakhstan 
(Ogasawara et al. 2002). Its precursor Si composition (Si: max. 1.145 atoms per formula unit, apfu) prior 
to coesite exsolution constrained the minimum metamorphic pressure as 6 GPa (Ogasawara et al. 2002) 
on the basis of the experimentally determined phase relations in the system CaO-TiO2-SiO2 (Knoche et al. 
1998). By this discovery, the Kokchetav Massif is not only the first occurrence of metamorphic diamond 
(Sobolev and Shatsky 1990), but also the first locality of coesite of exsolution origin during decompres-
sion; even coesite is a lower pressure phase in this rock. The second discovery of coesite exsolution from 
supersilicic titanite has been reported in diamond-free garnet clinopyroxene rock at Kumdy-Kol (Inoue and 
Ogasawara 2003; Sakamaki and Ogasawara 2014).
The occurrence of titanite is one of the characteristics of the Kokchetav UHP calcite marble. This rock 
initially described as a diamond-free UHP carbonate rock; however, later, a minor amount of microdia-
mond was found in diopside-rich layers (Ogasawara et al. 2004; Ogasawara 2009). On the other hand, 
abundant microdiamond occurs in dolomite marble (Ogasawara et al. 2000) and its concentration reaches 
2,700 carat/ton at the highest domain (Yoshioka et al. 2001). A Ti-bearing phase in diamond-bearing dolo-
mite marble is rutile but not titanite. Another UHP marble in the Kumdy-Kol area, diamond-free dolomitic 
marble, contains Ti-clinohumite as an only Ti-bearing phase (Ogasawara et al. 2000; Ogasawara and Aoki 
2005).
The stability relations of mineral assemblages in the Kokchetav UHP marbles, particularly diopside- 
and clinohumite-bearing assemblages have been explained in the model system CaO-MgO-SiO2-CO2-H2O 
by the local heterogeneity of UHP metamorphic fluid conditions (Ogasawara et al. 2000). In addition, the 
clear difference in Ti-bearing phase assemblages in these three UHP marbles implies that these distinct 
assemblages can be explained by the effect of an additional component TiO2 and XCO2 conditions.
There are several reports on the occurrences of titanite in UHP carbonate and calcsilicate rocks (e.g. 
Omori et al. 1998: Castelli and Rubatto 2002; Ye et al. 2002; Ogasawara et al. 2002; Castelli et al. 2007). 
On the other hand, the metacarbonate rocks lacking titanite have also been reported (e.g. Ogasawara et 
al. 1998; 2000; Ogasawara and Aoki 2005; Mposkos et al. 2006), and all these reports are from dolomitic 
marbles or dolomite-bearing calcsilicate rocks; e.g. in the Kokchetav Massif, diamond-bearing dolomite 
marble and diamond-free dolomitic marble lack titanite. There seems to be almost no report on titanite-do-
lomite paragenesis in natural UHP metacarbonate rocks; this suggests the instability of titanite + dolomite 
under UHP conditions.
The purpose of this paper is to provide the phase relations of Ti-bearing minerals in the model system 
CaO-MgO-SiO2-TiO2-CO2-H2O for UHP marbles, particularly focusing on the instability of titanite in HP/
UHP dolomite-bearing carbonate rocks, and to explain the stability of titanite in calcite marble and the lack 
of titanite in dolomite and dolomitic marbles in the Kokchetav Massif using the calculated P-T diagrams.
Mineral abbreviations by Bucher and Grapes (2011) are mainly used in the present paper with an excep-
tion: Coe = coesite.
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2.  Geological setting of the Kokchetav Massif
In the Kokchetav Massif, HP to UHP rocks crop out in the large area (10－15×150 km2) along the direc-
tion in NW-SE (e.g. Dobretsov et al. 1995; Kaneko et al. 2000; Maruyama and Parkinson 2000). These 
rocks have been divided into four fault-bounded units: I, II, III and IV (from bottom to top) (Kaneko et 
al. 2000; Maruyama and Parkinson 2000). The highest metamorphic grades and UHP evidence have been 
recorded in several rocks in unit II at the Kumdy-Kol area; pelitic gneiss, eclogite, tourmaline-quartzofeld-
sparthic rock and metacarbonate rocks (e.g. Kaneko et al. 2000; Ogasawara et al. 2000; Muko et al. 2002; 
Katayama et al. 2003; Shimizu and Ogasawara 2005; 2013; Ota et al. 2008). The mineralogy and petrology 
of the Kokchetav UHP metamorphic rocks have been summarized by Schertl and Sobolev (2013). The age 
of UHP metamorphism is ca. 530 Ma (e.g. Claoue-Long et al. 1991; Katayama et al. 2001).
The peak metamorphic pressure has been estimated as > 6 GPa on the basis of excess Si contents (max. 
0.145 Si apfu) in precursor titanite occurring in calcite marble (Ogasawara et al. 2002), and the peak tem-
perature as 950 to 1050 °C by Okamoto et al. (2000) and as 980 to 1250 °C by the minerals assemblages 
at constant XCO2 conditions in diamond-bearing dolomite marble and diamond-free dolomitic marble 
(Ogasawara et al. 2000).
The rock samples used in this study were collected at the Kumdy-Kol area, Kokchetav Massif, northern 
Kazakhstan.
3.   Petrology of diamond-bearing dolomite marble and titanite-bearing calcite mar-
ble from the Kokchetav Massif
Three types of UHP metacarbonate rocks occur in the Kumdy-Kol area; diamond-bearing dolomite marble 
(Ogasawara et al. 2000), Ti-clinohumite-bearing dolomitic marble (diamond-free) (Ogasawara et al. 2000; 
Ogasawara and Aoki 2005), and titanite-bearing calcite marble (Ogasawara et al. 2002). These carbonate 
rocks have distinct features in diamond occurrences; abundant microdiamond occurs in dolomite marble 
(over one thousand grains in one thin section, Yoshioka et al. 2001; Ishida et al. 2003; Ogasawara 2009, 
see his Fig. 12), a trace amount of microdiamond (61 grains in two thin sections) in diopside-rich layers 
of titanite-bearing calcite marble (Ogasawara 2009), and no diamond in Ti-clinohumite-bearing dolomitic 
marble. In addition, these three types of UHP metacarbonate rocks also have distinct Ti-bearing phases: 
rutile in diamond-bearing dolomite marble, titanite in calcite marble and Ti-clinohumite in dolomitic mar-
ble.
Other related samples, diamond-free dolomite marble and clinohumite-free dolomitic marble have been 
reported as thin layers in a banded dolomite-bearing UHP marble (sample no. Y665), and Ti-bearing phase 
in these marbles is ilmenite (Ogasawara and Aoki 2005). This paper does not mention and do not discuss 
the phase relations of these diamond-free dolomite-bearing marbles that have been already described in 
detail by Ogasawara and Aoki (2005).
In this chapter, the author describes two of the representative three UHP metacarbonate rocks from the 
Kumdy-Kol area. Petrography of Ti-clinohumite-bearing dolomitic marble will be referred from the previ-
ous paper by Ogasawara et al. (2000) and Ogasawara and Aoki (2005).
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3.1  Diamond-bearing dolomite marble
The representative domain of diamond-bearing dolomite marble shows granoblastic texture and consists 
mainly of dolomite (60 % by volume), diopside (15 %), garnet (< 10 %), phlogopite (10 %) with minor 
amounts of Mg-calcite, rutile and microdiamond/graphite (Fig. 1a: sample no. ZW45).
Abundant microdiamond (10 to 20 µm in diameter) occurs as inclusions predominantly in garnet 
(Yoshioka et al. 2001), and its concentration is largely variable. A minor amount of microdiamond, which 
is often associated with graphite, occurs in diopside. Sometimes, microdiamond occurs even in phlogopite 
after garnet. Microdiamonds in this marble have been classified into three types, S-, R- and T-types indi-
cating their formations at two different stages on the basis of morphology, transparency, color, FWHMs of 
Raman bands, baseline levels of Raman spectra, cathodoluminescence spectra and carbon isotope compo-
sitions (Ishida et al. 2003; Yoshioka and Ogasawara 2005; Hashiguchi et al. 2006; Imamura et al. 2013); 
R-type and the core of S-type at the 1st stage, and the rim of S-type and T-type at the 2nd stage.
Diopside has K2O-bearing silicates (phengite, and phlogopite) exsolutions, most of which was con-
firmed as phengite by laser Raman spectroscopy. Garnet often contains rutile.  Titanite and Ti-clinohumite 
do not occur in this rock. Diopside-dolomite pair is the representative paragenesis of this rock. The lacks of 
Ti-clinohumite and forsterite are also important for the indication that XCO2 condition was not extremely 
low as those in dolomitic marble; these suggest XCO2 condition as 0.1 or a little lower (Ogasawara et 
al. 2000). Rutile is a minor constituent mineral occurring heterogeneously as inclusions in garnet and 
diopside, and usually shows elliptical or globular form measuring 50-150 µm (max. 350 µm) in the longest 
dimension. Several rutile grains were checked by laser Raman spectroscopy, and three representative 
Raman bands of rutile were confirmed at ca. 610 cm-1, ca. 447 cm-1, and ca. 241 cm-1. Some garnet grains 
include rutile coexisting with microdiamond (Fig. 1b). The peak mineral assemblage was dolomite + ara-
gonite + diopside + garnet + diamond + rutile. Ignoring garnet, the simplified assemblage has been project-
ed onto the model compositional tetrahedron CaO-MgO-SiO2-TiO2 from CO2-H2O (Fig. 2).
This marble was subjected to the retrograde hydrothermal alteration confirmed by the microscopic 
observations and by C, O, and Sr isotope compositions of carbonates (Ohta et al. 2003). Later stage alter-
ation formed phlogopite after garnet, euhedral graphite, anhedral graphite after diamond. However, the 
peak mineral assemblage has been well preserved.
3.2  Titanite-bearing calcite marble
Calcite marble mainly consists of calcite after aragonite (40 %), K-feldspar (30 %), diopside (20 %) and 
symplectite (diopside + zoisite) after garnet (< 10 %) with minor amounts of garnet, titanite, quartz, and 
phengite (Fig. 3a: sample no. J76).
This marble is very unique by the occurrence of titanite with coesite needles and plates of exsolution 
origin (Fig. 3b) from the precursor supersilicic composition (Ogasawara et al. 2002). Coesite exsolution 
in titanite and K-bearing silicate lamellae in diopside are the evidence for UHP. This sample is the first 
discovery of coesite of exsolution origin and the second one for 6-fold coordinated Si in UHP metamorphic 
minerals (Chopin 2003; Chopin and Ferraris 2003). The minimum pressure condition was estimated at 
6 GPa by excess Si compositions (max. 0.145 apfu) of precursor supersilicic titanite on the basis of the 
experimentally determined phase relations in the system CaO-TiO2-SiO2 (Knoche et al. 1998).
15Titanite Stability in UHP Metacarbonate Rocks from the Kokchetav Massif (OGASAWARA)
Fig. 1.   a.   Photomicrograph of diamond-bearing dolomite marble (sample no. ZW45) from the Kumdy-Kol area, 
Kokchetav Massif. Under crossed-polars. Mineral abbreviations: Di = diopside, Dia = diamond, Dol = 
dolomite, Grt = garnet. Diopside has K-bearing lamellae, most of which are phengite. The black particles in 
garnet and diopside are grains of microdiamond (+ graphite) or graphite after diamond.
b.   Photomicrograph of rutile and microdiamond in garnet in diamond-bearing dolomite marble (center domain 
of photomicrograph a taken at high magnification). Under single-polar. Diamond grains are S-type by the 
classification of Ishida et al. (2003).
16 Titanite Stability in UHP Metacarbonate Rocks from the Kokchetav Massif (OGASAWARA)
Initially, this marble was described as a diamond-free rock (Ogasawara et al. 2002), but later, 61 
microdiamond grains were discovered in diopside grains in diopside-rich layers (K-feldspar-free), in which 
titanite lacks coesite exsolution (Ogasawara et al. 2004; Ogasawara 2009). However, no evidence of the 
2nd stage growth of microdiamond (like S-type rim and T-type in dolomite marble: Ishida et al. 2003) was 
observed. No diamond occurs in K-feldspar, titanite and garnet of this marble.
All diopside grains contain K-bearing silicate lamellae, phengite and K-feldspar in the core and the 
mantle domains. Titanite occurs as a minor constituent of this marble in the matrix. Several grains of 
titanite in K-feldspar-bearing layers have exsolved coesite needles and plates. Inclusions of rutile, aragonite 
and calcite in titanite in a diamond-free layer were confirmed by laser-Raman spectroscopy (Ogasawara et 
al. 2004) and these inclusions suggest a titanite-forming reaction from aragonite + rutile + SiO2. No rutile 
occurs in this marble except for this inclusion.
The assemblage at peak metamorphic conditions was aragonite + diopside + K-feldspar + garnet + 
phengite + titanite + coesite and aragonite + diopside + garnet + phengite + titanite + diamond. The assem-
blage of aragonite + diopside + titanite + coesite is projected into the model tetrahedron CaO-MgO-SiO2-
TiO2 from CO2-H2O (Fig. 4). The calcite marble is very fresh and has been escaped from the later stage 
hydrothermal alteration; carbon and oxygen isotope compositions of calcite support this (Ohta et al. 2003).
Fig. 2.   Peak mineral assemblage of diamond-bearing 
dolomite marble projected onto CaO-MgO-SiO2-
TiO2 from CO2-H2O. Mineral abbreviations: Arg 
= aragonite, Cal = calcite, Di = diopside, Dol = 
dolomite, Rt = rutile.
17Titanite Stability in UHP Metacarbonate Rocks from the Kokchetav Massif (OGASAWARA)
Fig. 3.   Photomicrographs of UHP calcite (after aragonite) marble (sample no. J76) from the Kumdy-Kol area, Kokchetav 
Massif. a. Under crossed-polars. Representative domain of supersilicic titanite-bearing calcite marble. All diopside 
grains contain exsolved K2O-bearing silicate lamellae. b. Under single-polar. Exsolved coesite needles and plates 
in titanite which originally had a supersilicic composition. Mineral abbreviations: Coe = coesite, Cal = calcite, Di 
= diopside, Ttn = titanite. Diopside contains K-bearing silicate exsolutions, which are phengite and K-feldspar. 
Several grains of titanite show coesite exsolved lamellae.
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4.   Thermodynamic calculations of titanite and rutile stabilities in the system CaO-
MgO-SiO2-TiO2-CO2-H2O
Phase relations among the following eight mineral phases were calculated: aragonite/calcite (CaCO3), 
coesite/quartz (SiO2), diopside (CaMgSi2O6), dolomite (CaMg(CO3)2), rutile (TiO2) and titanite 
(CaTiSiO5). Chemical compositions of these phases were projected into the compositional tetrahedron 
CaO-MgO-SiO2-TiO2 from CO2-H2O (Fig. 5). The author ignored the effect of the solubility of MgCO3 
in calcite on calcite-aragonite transition and on calcite-dolomite paragenesis because this study mainly 
focusses on the stability of UHP carbonate rocks. When dolomite joins calcite-aragonite transition, the 
reaction dolomite + aragonite = Mg-calcite should be considered as discussed in Ogasawara et al. (1998). 
In order to keep the consistency with the previously calculated equilibria for UHP marbles (Ogasawara et 
al. 1995; 1997; 1998; 2000), internally consistent dataset of Holland and Powell (1990) and the data for 
fluid activity by Powell and Holland (1985) were used in the present study. A computer program THERM 
(Ogasawara and Omori 1992) was used for this calculation.
The following three reactions are possible in this system:
(1) Dol + 2SiO2 (Coe/Qtz) = Di + 2CO2
(2) CaCO3 (Arg/Cal) + Rt + SiO2 (Coe/Qtz) = Ttn + CO2
(3) Dol + 2Ttn = 2 CaCO3 (Arg/Cal) + Di + 2Rt
Reactions (1) and (2) are degenerate reactions stable at both sides of the invariant point defined by these 
three reactions. Reaction (3) is a solid-solid reaction and controls P-T phase relations of this system.
These three univariant reactions form an invariant point on P-T diagram at a constant XCO2. The invari-
ant point is located mainly in the quartz stability field at a wide range of XCO2. This invariant mineral 
assemblage is aragonite/calcite + diopside + dolomite + quartz + rutile + titanite. Schreinemakers’ method 
Fig. 4.   Peak assemblage of calcite marble projected into 
CaO-MgO-SiO2-TiO2 from CO2-H2O. Mineral 
abbreviations: Arg = aragonite, Coe = coesite, Di = 
diopside, Qtz = quartz, Ttn = titanite.
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(Zen 1966) was used to analyze the stability relations of univariant curves around the invariant point of 
Arg/Cal-Di-Dol-Qtz-Rt-Ttn. The corresponding Schreinemakers’ bundle is shown in Fig. 6. A metastable 
extension is drawn by a dashed line in Fig. 6; high-pressure and low-temperature side of solid-solid reac-
tion (3). Each divariant field is signified as [a], [b], [c], [d] and [e].  The assemblages corresponding to each 
divariant field are as follows:
Fig. 5.   Chemical compositions of phases used for calculation, 
in the compositional tetrahedron of CaO-MgO-SiO2-
TiO2. Mineral abbreviations: Arg = aragonite; Cal = 
calcite, Coe = coesite, Di = diopside, Dol = dolomite, 
Qtz = quartz, Rt = rutile, Ttn = titanite.
Fig. 6.   Schreinemakers’ bundle of the invariant point Arg/
Cal-Di-Dol-Qtz-Rt-Ttn.
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[a]: Arg/Cal-Coe/Qtz-Dol-Rt
[b]: Arg-Di-Dol-Rt, Arg-Coe/Qtz-Di-Rt
[c]: Arg/Cal-Di-Dol-Rt, Arg/Cal-Di-Rt-Ttn, Arg/Cal-Coe/Qtz-Di-Ttn, Coe/Qtz-Di-Rt-Ttn
[d]: Arg/Cal-Dol-Rt-Ttn, Arg/Cal-Di-Dol-Ttn, Arg/Cal-Di-Qtz-Ttn, Di-Dol-Rt-Ttn, Di-Rt-Qtz-Ttn
[e]: Arg/Cal-Dol-Qtz-Ttn, Arg/Cal-Dol-Rt-Ttn, Dol-Qtz-Rt-Ttn
Solid-solid reaction (3) is terminated at the invariant point and is metastable at low temperature side of this 
point.
Equilibrium P-T-XCO2 relations of these reactions were calculated with variable XCO2 conditions from 
0.005 to 1.0. Figure 7 shows two cases at XCO2 = 0.1 and at XCO2 = 0.02 as examples for relatively low 
Xco2 and extremely low XCO2 conditions, respectively. The tie-line relations in the compositional tetrahe-
dron of corresponding divariant fields were also shown in this figure.
The slope (dP/dT) of P-T curve of reaction (3) changes largely at the cross with calcite-aragonite transi-
tion curve at 1.83 GPa and 781 °C; this point is the invariant point of Arg-Cal-Di-Dol-Rt-Ttn on a P-T dia-
gram and its location is independent of XCO2. Calcite-aragonite transition curve is located at P = 1.0 GPa, 
T = 439 °C, P = 1.5 GPa, T = 650 °C and P = 2.00 GPa, T = 855 °C. Because a CaCO3 phase is included in 
high temperature side of reaction (3), the P-T curve of reaction (3) must break at calcite-aragonite transi-
tion curve and should shift to low temperature side to expand the stability field of aragonite-bearing assem-
blage in this reaction. The intensity of this break of the P-T curve at calcite-aragonite transition depends on 
the difference in the Gibbs energies of calcite and aragonite. This large break could be caused by relatively 
small Gibbs energy change of solid-solid reaction (3); namely, the difference in Gibbs energies between 
calcite and aragonite strongly affected the Gibbs energy change of reaction (3).
In the calcite stability field, the slope of reaction (3) is positive, but it becomes negative in aragonite 
stability field. If the calculated curve of reaction (3) has a large error and its slope in the aragonite stabil-
ity field is much steeper, it could be caused by the error in thermodynamic data, particularly the data on 
titanite. All other thermodynamic data excepting titanite and rutile have already been used in the previous 
studies and their reliabilities have been confirmed (e.g. Ogasawara et al. 1995; 1997; 1998; 2000), and 
thermodynamic data on simple oxides like rutile are usually reliable compared with complex compounds. 
Calculated results of reaction (2), calcite-aragonite and quartz-coesite transitions are reliable; therefore, 
even if titanite has a relatively large error, the invariant point of Arg/Cal-Di-Dol-Qtz-Rt-Ttn assemblage 
simply changes its location along reaction (1) to high P-side. Summarizing these relations, the change in 
the location of this invariant point caused by the errors of thermodynamic data does not affect the discus-
sions on the phase relations using this diagram, even if the change in P-T slope of reaction (3) at 1.83 GPa 
and 781 °C is much smaller.
With decreasing XCO2, the position of the invariant point of Arg/Cal-Di-Dol-Qtz-Rt-Ttn assemblage 
on P-T diagram moves to low-T side along solid-solid reaction (3); at P = 1.89 GPa, T = 725 °C at XCO2 = 
0.1, and P = 1.98, T = 634 °C at XCO2 = 0.02. At XCO2 = 0.3, the invariant point was located at the break 
point, P = 1.83 GPa and T = 781 °C, and at XCO2 = 1.0 the invariant point at P = 0.97 GPa and T = 732 °C 
in calcite stability field.
As seen from Fig. 7, the P-T stability field of titanite-dolomite assemblage is a limited P-T area 
enclosed by reactions (2) and (3), and expands to low-T side with decreasing XCO2, whereas its T range is 
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reduced to reaction (3) side with increasing XCO2. As titanite-dolomite assemblage has very small stability 
field at medium to high XCO2 conditions, the possibility of its natural occurrences are low at such XCO2; 
low to extremely low XCO2 conditions are required for this assemblage in natural metacarbonate rocks.
At pressures lower than reaction (3), titanite forms prior to diopside and then diopside forms, and the 
temperature difference in both two reactions is very small. On the other hand, at P higher than reaction (3), 
diopside forms prior to titanite and the difference in formation temperatures of both two minerals is chang-
ing larger to higher pressures. At several GPa, the slopes of P-T curves for two reactions changes slightly 
Fig 7.   P-T diagram for the system CaO-MgO-SiO2-TiO2-CO2-H2O calculated with the thermodynamic dataset by Holland 
and Powell (1990) and Powell and Holland (1985). Reactions in this system are: (1) Dol + 2SiO2 (Coe/Qtz) = Di + 
2CO2, (2) CaCO3 (Arg/Cal) + Rt + SiO2 (Coe/Qtz) = Ttn + CO2, and (3) Dol + 2Ttn = 2CaCO3 (Arg/Cal) + Di + 
2Rt. Decarbonation reactions (1) and (2) were calculated at various XCO2 conditions; solid curves and dash curves 
of these reactions are the selected cases at XCO2 = 0.02 and 0.1, respectively. Solid circles indicate invariant point 
of Arg/Cal-Di-Dol-Qtz-Rt-Ttn, and a solid square indicates the cross between calcite-aragonite transition curve and 
reaction (3) at 1.83 GPa and 781 °C. The high pressure-low temperature side of reaction (3) is metastable extension. 
Each divariant field is named alphabetically as shown in the Schreinemakers’ bundle. Compositional tetrahedrons 
show the stable assemblages at the corresponding divariant fields. Chemical compositions of minerals in the 
compositional tetrahedron are shown in Fig. 5. A shaded area enclosed by reactions (2) and (3) indicates titanite-
dolomite stability field at XCO2 =0.02. A dotted line at 6 GPa indicates the minimum peak pressure derived from 
excess Si content (max. 0.145 apfu) in the precursor titanite before coesite exsolution in the Kokchetav UHP calcite 
marble.
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negative and their reaction temperatures are almost independent of pressure. For titanite-forming reaction 
(2), this critical point of the slope is located at about 2 GPa higher than reaction (1), and the difference in 
the reaction temperatures between diopside-forming reaction (1) and titanite-forming reaction (2) is large 
at such high pressures; 140 °C at P = 5 GPa, 208 °C at P = 6 GPa, 286 °C at P = 7 GPa, and 380 °C at P 
= 8 GPa. As the formation temperature of titanite at UHP seems to be too high at medium to high XCO2, 
titanite formation in UHP carbonate rocks requires very low XCO2 conditions because low XCO2 lowers 
the reaction temperatures of decarbonation reactions.
Reaction (3) terminates at the invariant point and no stable extension exits at low temperature side; 
therefore, a large stability field of dolomite-CaCO3-SiO2-rutile (the lowest temperature assemblage) with-
out any chemical reactions appears in the low temperature side, although this system is simplified and the 
reactions related with other minerals have been ignored. The presence of such P-T stability field of the 
lowest temperature assemblage is significant for cold subduction of carbonate-bearing rocks because “no 
reaction P-T zone” indicates the high potentiality to carry CO2 into great depths (Ogasawara et al. 1995; 
Ogasawara 2011). The representative natural evidence for this is coesite-dolomite assemblage from the 
Dabie UHP terrane, China (e.g. Schertl and Okay 1994; Zhang and Liou 1996).
After diopside formation by reaction (1) at P higher than reaction (3), Arg-Di-Rt tie-triangle forms 
and divides Arg-Coe/Qtz-Dol-Rt tetrahedron into two bulk compositions, dolomite-bearing system (Arg-
Di-Dol-Rt tetrahedron) and dolomite-free system (Arg-Di-Coe/Qtz-Rt tetrahedron). As this Arg-Di-Rt 
tie-triangle is stable at high-temperature side of reaction (3), dolomite is unable to coexist with titanite and 
coesite/quartz after diopside formation. This is a very important calculated result of P-T relations in order 
to understand the lack of titanite-dolomite assemblage in UHP marbles and calc-silicate rocks.
Titanite-dolomite pair has a very limited P-T stability field at low to high pressures and at medium 
temperatures enclosed by reactions (2) and (3) (Fig. 7) and is unstable at UHP conditions. These calculated 
results are consistent with the lack of this pair in natural UHP metacarbonate rocks as discussed in the next 
chapter.
5.   Lack of titanite-dolomite assemblage in UHP metacarbonate rocks and the 
requirements for titanite stability at UHP conditions
Assuming that the errors in titanite thermodynamic data used in the present calculations did not largely 
affect the calculated results, the following discussions will be possible for titanite-bearing assemblages in 
metacarbonate rocks.
Titanite-dolomite assemblage has not been reported in UHP marbles and calc-silicate rocks; dolo-
mite-bearing UHP metacarbonate rocks lack titanite (e.g. Ogasawara et al. 1998; 2000; Ogasawara 
2005; Omori et al. 1998; Castelli et al. 2007). This could be explained by a limited P-T stability field of 
titanite-dolomite pair, particularly by its upper pressure limit constrained by solid-solid reaction (3) Dol + 
Ttn = Arg/Cal + Di + Rt. As shown in Fig. 7, the stability field of titanite-dolomite pair is enclosed by reac-
tions (2) and (3) (shaded area); its upper-T limit and upper-P limit are constrained by XCO2-indepentdent 
reaction (3) in calcite stability field and in aragonite stability field, respectively. The maximum temperature 
condition of titanite-dolomite pair is defined by the cross of calcite-aragonite transition curve and reaction 
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(3) as 781 °C at P = 1.83 GPa (solid square in Fig. 7), and the maximum pressure is ca. 2 GPa on reaction 
(3) at very low XCO2. When XCO2 fluid conditions are medium to high, the stability field of titanite-do-
lomite assemblage is reduced to narrow temperature range enclosed by reactions (2) and (3) and the 
possibility of the occurrence of this assemblage becomes low. At low- to extremely low-XCO2 conditions, 
titanite-dolomite stability field expands to low-T side and slightly higher-P side, but does not expand large-
ly to high-P side because of the gentle slope of reaction (3). In general, the occurrence of this mineral pair 
indicates pressure conditions lower than 2 GPa (not UHP) and an indicator for low- to high-P, medium-T 
and low XCO2.
In natural carbonate rocks, a possible titanite-forming reaction could be reaction (2) and is strongly 
dependent on XCO2. At UHP conditions, equilibrium temperatures of this reaction is very high as T = 
1280 °C at P = 6 GPa when XCO2 = 0.1. As described in the calculated results, the critical point of the 
slope of equilibrium P-T curve is located at about 8 GPa and reactions temperatures increase with increas-
ing pressures up to this critical pressure. Such reaction temperature seems to be too high as UHP metamor-
phism; therefore, titanite does not form in UHP metacarbonate at high XCO2 conditions. The occurrence of 
titanite in UHP metacarbonate rocks requires the lowering of the reaction temperatures, which was proba-
bly caused by an aqueous fluid infiltration leading to very low XCO2 conditions as 0.02 in the Kokchetav 
calcite marble.
Ye et al. (2002) calculated the same reactions (2) and (3) to explain P-T-XCO2 stability relations of 
titanite in UHP carbonate-bearing rocks from Dabie-Sulu UHP terranes, China. P-T location of reaction (2) 
(reaction (1) in Ye et al. 2002) and its XCO2 dependence are consistent with our results. They pointed out 
that UHP titanite requires very low XCO2 condition in carbonate-bearing rocks. On the solid-solid reaction 
(3), however, their results about the assignment of product-reactant assemblages are different from this 
study, and Ye et al. (2002) probably made a mistake about the judgment of the stabilities of product and 
reactant because they did not show Schreinemakers’ analysis on the invariant point of Arg/Cal-Di-Dol-Qtz-
Rt-Ttn. Schreinemakers’ analysis for this invariant point indicated that titanite-dolomite pair was stable 
at low temperature side of reaction (3) (divariant fields [d] and [e]) (Figs. 6 and 7); therefore, solid-solid 
reaction (3) is not a titanite-forming reaction, but a titanite-consuming reaction. In this system, possible 
titanite-forming reaction is only reaction (2) which is a decarbonation reaction and is sensitive to XCO2. 
This reaction is a degenerate reaction and is stable at both sides of the invariant point.
After diopside formed in the CaO-MgO-SiO2-TiO2 space by reaction (1), the tie-triangle of aragonite + 
diopside + rutile becomes stable. This tie-triangle has a wide P-T range, and plays a compositional divide 
between dolomite-excess and dolomite-free bulk compositions. Because of this tie-triangle, titanite-dolo-
mite tie-line is unstable at any UHP conditions. This is the reason why dolomite-bearing UHP marbles lack 
titanite (e.g. diamond-bearing dolomite marble and diamond-free dolomitic marble from the Kokchetav 
Massif). As TiO2 is a minor component, the stable mineral assemblage in dolomite-free system after titanite 
formation is aragonite + coesite + diopside + titanite (e.g. the Kokchetav calcite marble). Conclusively, the 
assemblage, aragonite + diopside + rutile, is the key for the analysis of mineral assemblages in UHP meta-
carbonate rocks in the system CaO-MgO-SiO2-TiO2-CO2-H2O.
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6.   Stabilities of titanite-bearing assemblages in Kokchetav UHP metacarbonate 
rocks
Coesite exsolution from titanite in calcite marble described by Ogasawara et al. (2002) was surprising dis-
covery because a decompression product during exhumation was still coesite. In addition, as the precursor 
composition of titanite was supersilicic, a small amount of excess Si (max. 0145 apfu, Ogasawara et al. 
2002) had substitute Ti site of 6-fold coordination. Coesite exsolution in titanite could be a significant UHP 
indicator. Their estimated pressure, 6 GPa, based on reintegrated bulk Si composition is the minimum; 
therefore, much higher peak metamorphic pressure could be expected. In the relevant CaCO3-bearing 
system, titanite-aragonite pair could survive up to much higher pressure because no possible reaction was 
expected after titanite formation in this system. The fate of titanite in CaCO3 marble which had subducted 
into much deeper mantle might be predicted as perovskite-stishovite assemblage by the simple breakdown 
reaction:
CaTiSiO5 = CaTiO3 + SiO2 
 (titanite)  (perovskite)  (stishovite)
Until this break down reaction, titanite could play a role of TiO2 carrier in CaCO3-rich marble during deep 
continental subduction.
As mentioned in the previous chapter, titanite gives us the information about the fluid conditions 
(XCO2) during UHP metamorphism. In the case of titanite formation from aragonite + rutile + coesite, the 
occurrence of titanite in UHP CaCO3 marble requires extremely low XCO2 conditions. At the estimated 
temperature of ca. 1000 °C for the Kokchetav UHP metamorphism, an extremely low XCO2 condition as 
XCO2 = ca. 0.02 or lower was required for titanite-formation in the marble. Such XCO2 condition for the 
calcite marble is similar to XCO2 for diamond-free dolomitic marble (XCO2 = 0.01) but is different from 
that for diamond-bearing dolomite marble as XCO2 = 0.1 (Ogasawara et al. 2000; Ogasawara and Aoki 
2005). When XCO2 is high, titanite is unstable in UHP CaCO3 marble.
The possible assemblages of titanite-bearing UHP carbonate rocks which contain titanite are (1) 
aragonite + coesite + diopside + titanite (the Kokchetav calcite marble), (2) aragonite + diopside + 
rutile + titanite, and (3) coesite + diopside + rutile + titanite (see, divariant field [c] in Figs. 6 and 7). The 
Kokchetav UHP calcite marble corresponds to assemblage (1).
The P-T stability field of titanite-dolomite assemblage is limited to low to high pressure and medium 
temperature area enclosed by reactions (2) and (3), and expands to low temperature side with decreasing 
XCO2. Reaction (2), a titanite-forming reaction, strongly depends on XCO2 conditions. Titanite is stable 
at very low XCO2 as 0.02 in carbonate rocks. Diopside formation precedes titanite formation during UHP 
metamorphism. Such relations may explain the observation on the Kokchetav UHP calcite marble in which 
microdiamond occurs only in diopside and no diamond is included in titanite: the microdiamond formed 
during diopside-forming stage prior to titanite formation. Probably, XCO2 condition when titanite formed 
was too low to form and to preserve microdiamond; diamond in diopside layers may be a relic after carbon 
dissolution into an aqueous fluid during supersilicic titanite forming stage. Minor occurrence of microdia-
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mond and the lack of the 2nd stage growth in the Kokchetav calcite marble support this explanation.
Another UHP carbonate rock from the Kumdy-Kol area is diamond-free dolomitic marble that contains 
Ti-clinohumite (max. TiO2: 3.28 wt.%; Ogasawara and Aoki 2005) as Ti-bearing phase. This marble shows 
stable mineral pair aragonite-Ti-clinohumite and/or aragonite-forsterite, which indicate extremely low 
XCO2 conditions (< 0.01) (Ogasawara et al. 1998; 2000; Ogasawara and Aoki 2005). The clear TiO2 zona-
tion of Ti-clinohumite has been described by Ogasawara and Aoki (2005), and they explained this zonation 
by TiO2 transfer through an aqueous fluid.  In their conclusions, a TiO2-rich aqueous fluid infiltrated and 
crystallized Ti-clinohumite with the formation of banded structure which had have the incompatible miner-
al assemblages in each other band. Clinohumite requires extremely low-XCO2 conditions (Ogasawara et al. 
1998). Incorporation of hydroxyl in diopside (OH > 850 ppm in wt.) in the dolomitic marble (Kikuchi and 
Ogasawara 2006) supports H2O-rich fluid conditions.
7.   A simplified model “Intraslab UHP Metasomatism” proposed for the fluid 
behavior in deeply subducted continental materials
The fluid behavior during UHP metamorphism and the origin of an aqueous fluid may be the most interest-
ing subject. When the UHP metamorphic fluids are assumed as mainly of H2O and CO2, deeply subducted 
carbonate rocks are the reservoir and the source of CO2. However, the origin of H2O at the mantle depths 
will be controversial. One of the possible sources for H2O is pelitic gneisses surrounding carbonate rocks.
The fluid behavior during UHP metamorphism and the resultant fluid heterogeneity in subducting mate-
rials may be explained by a model for deeply subducted carbonate rocks, “Intraslab UHP Metasomatism”, 
preliminary proposed by Ogasawara (2004), Ogasawara (2009) and Imamura et al. (2013). In this model 
(Fig. 8), an aqueous fluid containing some other chemical components (e.g. carbon, K2O, TiO2) was 
released from surrounding gneiss (+ eclogite) by dehydration reactions, and was infiltrated into carbonate 
layers during subduction. The key points of this model are: 1) the aqueous fluid infiltration into carbonate 
layers was a trigger for decarbonation reactions and lowered the temperatures of decarbonation reactions, 
2) the source of aqueous fluids was the surrounding gneiss (+ eclogite), 3) the released aqueous fluid cir-
culated in subducting slab itself, and 4) the aqueous fluid infiltration into carbonate layers was controlled 
by the timing of dehydrations of gneiss (+ eclogite), so it was discontinuous process. During aqueous 
fluid infiltration, the heterogeneity of fluid compositions and its distribution in UHP metacarbonate rocks 
had been made in mm to cm scale (e.g. Ogasawara et al. 1998; Ogasawara and Aoki 2005). Similar fluid 
heterogeneity has been also reported in diamond-free garnet-clinopyroxene rock from the Kumdy-Kol area 
(Sakamaki and Ogasawara 2014).
The diamond growth at the 2nd stage, T-type and the rim of S-type microdiamonds in dolomite marble 
(Ishida et al. 2003), may be partly explained by this model. For example, carbon in gneisses might be dis-
solved as certain carbon species in an aqueous fluid released by the dehydration of gneiss, and was carried 
through fluid infiltration. The fluid was infiltrated into dolomite marble and then, the fluid contained CO2 
component due to decarbonation reactions. When the mount of CO2 component in the fluid became high 
enough to lower the carbon solubility limit in an aqueous fluid, the rim of S-type and T-type diamonds 
might have precipitated as the 2nd stage diamond. The Kokchetav UHP metacarbonate rocks were located 
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near abundant pelitic gneiss (+ eclogite) and these silicate rocks surrounding carbonates could be a candi-
date of H2O reservoir. When aqueous fluid infiltration was weak, XCO2 conditions in the impure marble 
could be kept at relatively high (e.g. XCO2 = 0.1 in diamond-bearing dolomite marble). However, as the 
infiltration was much stronger in dolomitic and calcite marbles, XCO2 could have reached to extremely 
low as 0.01 and 0.02, respectively, and no other reactions could be expected at higher P and T; the mineral 
assemblages in dolomitic marble and calcite marble is the highest temperature assemblage in their bulk 
compositions. On the other hand, diamond-bearing dolomite marble has not shown the highest mineral 
assemblage; dolomite-diopside was stable but forsterite/clinohumite did not form. This indicates that the 
fluid infiltration in diamond-bearing dolomite marble were not enough to form the highest temperature 
assemblage.
Such an effect related with a fluid behavior has been clearly shown in coesite-dolomite assemblage 
from the Dabie UHP terrane by Schertl and Okay (1994) and Zhang and Liou (1996). Coesite-dolomite 
assemblage is very rare and is restricted only in these two reports from the Dabie UHP terrane. These rare 
samples proved that dolomite had been carried into the depth of coesite stability field without any decar-
bonation reactions. The preservation of carbonate might be controlled by relatively “dry” fluid conditions 
during UHP metamorphism. Coesite-dolomite assemblage, the lowest-T assemblage in dolomite and 
dolomitic marbles, means that “dry” condition had locally existed in UHP carbonate rocks; this might be 
Fig. 8.   Schematic illustration showing “Intraslab UHP Metasomatism” (modified after Ogasawara 2009 and Imamura et 
al. 2013). The outline of this model is: 1) aqueous fluid by the dehydration of surrounding gneiss (+eclogite) was 
infiltrated into carbonate layers of subducting slab, 2) infiltrated aqueous fluid lowered decarbonation temperatures 
and its infiltration was a trigger for decarbonation reactions in carbonate layers, 3) surrounding gneiss (+ eclogite) 
were the source of the aqueous fluid, 4) aqueous fluid carried other components including carbon.
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the evidence for very weak infiltration of an aqueous fluid in some domains of UHP carbonate rocks. In 
the Kokchetav diamond-bearing dolomite marble, only one occurrence of coesite (sample no. N21) has 
been reported as an inclusion in zircon (Katayama et al. 2002); this indicates that a very small domain in 
the Kokchetav dolomite marble were kept “dry” to remain very small amount of SiO2 as coesite during 
prograde stage, and it was included in zircon. In other parts of dolomite marble, all excess SiO2 consumed 
to form diopside.
Mantle metasomatism is also expected due to the fluid derived from subducted materials. Iizuka and 
Nakamura (1995) proposed metasomatism between the subducting slab and the mantle wedge in terms 
of TiO2 behavior at 8 GPa. According to their experiment, TiO2 is soluble in an aqueous fluid at UHP 
conditions because rutile becomes unstable in eclogite, and a TiO2-bearing fluid infiltrates into peri-
dotite to form Ti-clinohumite. This model can be applied to a strange metasomatic rock from Kumdy-
Kol, Ti-clinohumite-garnet rock (Muko et al. 2002; Katayama et al. 2003), as well as the explanation of 
Ti-clinohumite-bearing dolomitic marble (Ogasawara and Aoki 2005).
During UHP metamorphism, fluids could have played important roles for controlling the following 
things; transportation of some elements (e.g. C, K, Ti), mineral assemblages, minor amounts of hydroxyl 
compositions in nominally anhydrous minerals (e.g. clinopyroxene, garnet and titanite), and the growth 
and the dissolution of microdiamond. The evidence for the presence of fluids has been trapped as sub-
micron fluid inclusions in some UHP minerals (e.g. garnet), even in microdiamond (e.g. De Corte et al. 
1998). Further, the heterogeneous fluid distribution during UHP metamorphism could make the chemical 
heterogeneity in subducted materials in mm to cm scales shown by UHP dolomite-bearing marble and 
diamond-free garnet-clinopyroxene rock (e.g. Ogasawara et al. 1998; 2000; Ogasawara and Aoki 2005; 
Sakamaki and Ogasawara 2014). Considering the roles of the fluids during deep continental subductions, 
the author called such process inside deeply subducted materials as “Intraslab UHP Metasomatism”.
8.  Conclusions
1.   Three UHP metacarbonate rocks from the Kokchetav Massif, northern Kazakhstan, have distinct 
Ti-bearing minerals: rutile in diamond-bearing dolomite marble, titanite in calcite marble, and 
Ti-clinohumite in dolomitic marble (diamond-free).
2.   Thermodynamic calculations of the phase equilibria for 8 minerals, aragonite/calcite, coesite/quartz, 
dolomite, diopside, rutile, titanite in the model system CaO-MgO-SiO2-TiO2-CO2-H2O gave three stable 
reactions: (1) Coe/Qtz + Dol + Di + CO2, (2) Arg/Cal + Coe/Qtz +Rt = Ttn + CO2, and (3) Dol + Ttn = 
Arg/Cal + Di + Rt. These three reactions form an invariant point Arg/Cal-Di-Dol-Qtz-Rt-Ttn at a con-
stant XCO2 on P-T diagram. P-T curve of the solid-solid reaction: Dol + Ttn = Arg/Cal + Di + Rt breaks 
at the cross (1.83 GPa and 781 °C) with aragonite/calcite transition curve, and has a positive slope in 
calcite stability field and a negative slope in aragonite stability field. 
3.   The tie-triangle, aragonite + diopside + rutile, has a wide P-T range under UHP conditions, and plays a 
compositional divide between dolomite-excess and dolomite-free bulk compositions. By the stability of 
this tie-triangle, titanite-dolomite tie-line gets unstable at any UHP conditions.
4.   Titanite-dolomite pair has a limited P-T area (P < ca. 2 GPa and T < 781 °C) enclosed by reactions (2) 
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and (3), and it expands to low temperature side with decreasing XCO2. This pair is unstable at UHP con-
ditions and at medium to high XCO2, and could be an indicator for medium temperature and low XCO2.
5.   Titanite-forming reaction strongly depends on XCO2 and titanite is stable at very low XCO2 as 0.02. 
This can explain that, in the Kokchetav UHP carbonate rocks, titanite is stable only in the calcite marble 
and both diamond-bearing dolomite marble and diamond-free dolomitic marble lack titanite.
6.   The calculated phase relations may explain the field evidence in calcite marble that a minor amount of 
microdiamond occurs only in diopside and no diamond is included in titanite. In the Kokchetav calcite 
marble, diopside formation might have preceded titanite formation under HP and UHP conditions, and 
microdiamond formed during diopside-forming stage prior to titanite formation. Probably, XCO2 condi-
tion when titanite formed was too low to form microdiamond.
7.   A model “Intraslab UHP Metasomatism” based on aqueous fluid infiltration by the dehydration of sur-
rounding silicate rocks during deep subduction was introduced in order to understand the genesis of the 
Kokchetav UHP carbonate rocks.
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